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Biochemistry SelectTransporter proteins bind ions and small molecules and transfer them across lipid membranes. Recent studies
on transporters, discussed in this issue’s Biochemistry Select, provide insight into the family of proteins targeted
by tricyclic antidepressants. Other work sheds light on glucose absorption in the gut, host-pathogen interac-
tions, and a mechanism used by an important food crop to adapt to acidic soil conditions.
The Inner Workings of Antidepressants
Tricyclic antidepressants inhibit the reuptake of neurotransmitters, such as serotonin,
dopamine, and norepinephrine, by blocking the activity of the corresponding neurotrans-
mitter transporter. These neurotransmitter transporters are part of a larger family of
sodium cotransporters that transport sodium ions using an existing sodium gradient in
order to simultaneously drive the uptake of small compounds, such as neurotransmitters
or amino acids. Two recent structures by Singh et al. (2007) and Zhou et al. (2007) now
reveal how tricyclic antidepressants interact with this family of cotransporters. Both
groups studied a bacterial homolog of the mammalian proteins, the leucine transporter
LeuT from Aquifex aeolius, and showed that its activity is also sensitive to tricyclic
antidepressants. To gain insight into the mechanism for this effect the two groups
cocrystallized LeuT bound to tricyclic antidepressants (clomipramine, desipramine,
and imipramine in the case of Singh et al.; desipramine in the case of Zhou et al.). The
resulting structures reveal that tricyclic antidepressants bind to LeuT in the region just
above the extracellular gate, stabilizing it in a closed position, and trapping the substrate
(in this case leucine alongwith two sodium ions), thereby blocking transport. The findings
by these two groups may aid in the design of new inhibitors of this important class of
neurotransmitter transport proteins. To support the notion that the basicmode of binding
for desipramine is likely conserved between itsmammalian and bacterial targets, Zhou et
al. used the structure of LeuT to predict mutations in the serotonin and dopamine trans-
porters that would make them more sensitive to inhibition by desipramine. In contrast,
Singh et al. note the sequence divergence between the mammalian and bacterial family members to suggest that
the mammalian binding site for the antidepressants might differ in some details. This question may be resolved
by future efforts at cocrystallizing tricyclic antidepressants with their mammalian targets.
S.K. Singh et al. (2007). Nature 448, 952–956. Published online August 8, 2007. 10.1038/nature06038.
Z. Zhou et al. (2007). Science. 317, 1390–1393. Published online August 9, 2007. 10.1126/science.1147614.
A Cotransporter Family Takes () Charge
Other recent work on the family of sodium neurotransmitter cotranporters by Forrest et al. (2007) and Zomot et al.
(2007) explores whymany of themammalianmembers of the family depend on chloride anions for transport whereas
the bacterial family members do not. Forrest et al. used calculations of electrostatic energies and homology mod-
eling to predict that a negatively charged residue (E290) in bacterial LeuT replaces the function served by chloride
anions in mammalian transporters. They thenmodeled this charge as the location of chloride binding in the serotonin
transporter. In support of this model, theymutated S372, the residue in the serotonin transporter that corresponds to
LeuT E290, to a glutamic acid or an aspartic acid. This alteration decreased the chloride dependence of transport.
Conversely, Zomot et al. discovered the chloride binding site by looking for residues with hydroxyl side chains that
could interact with chloride anions and that were conserved in neurotransmitter sodium cotransporters but not in
their bacterial homologs. This resulted in the identification of a conserved pair of amino acids (a threonine and a
serine) in transmembrane domain 7. In the serotonin transporter this serine is S372, the same residue found to be
important for chloride dependence by Forrest et al. And, as is the case for the serotonin transporter, Zomot et al.
showed that changing the conserved serine (S331) in the rat GABA transporter GAT-1 to glutamic acid decreases
the dependence of the transporter on chloride. Similar observations were made for serine residues in mouse
GAT-4 and the human dopamine transporter (DAT). Bringing the story full circle, Zomot et al. made the reciprocal
mutations in LeuT (E290S), which remarkably makes the binding of leucine to LeuT dependent on chloride anions.
L.F. Forrest et al. (2007). Proc. Natl. Acad. Sci. USA, 104, 12761–12766. Published online July 24, 2007. 10.1073/
pnas.0705600104.
E. Zomot et al. (2007) Nature. Published online August 19, 2007. 10.1038/nature06133.
Gut Reaction to a Sweet Sensation
The sodium-dependent glucose transporter 1 (SGLT1) is expressed by the intestinal epithelium and is important for
the absorption of glucose from the diet. SGLT1 expression is enhanced by the presence of glucose in the gut lumen,
although the mechanism for this effect is unclear. Recent work byMargolskee et al. (2007) now indicates that SGLT1
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expression is regulated by the glucose receptor T1R3, previously identified as part of the heterodimeric receptor that
transduces the sensation of sweetness in the taste buds of the tongue. In earlier work, the authors showed that T1R
receptors are not only expressed in the taste buds but are also expressed in the intestinal epithelium. They now
demonstrate that mice lacking T1R3 or the downstream G-protein gustducin are no longer able to upregulate
SGLT1 expression in response to glucose. They also identify enteroendrocrine cells in the gut epithelium as the
specific location of T1R expression in both mice and humans; they then provide evidence that upon stimulation
by glucose, enteroendocrine cells secrete hormones that induce SGLT1 expression across the epithelium. Interest-
ingly, enhanced expression of SGLT1 via this mechanism could also be stimulated by artificial sweeteners, raising
the possibility that artificial sweeteners might enhance the gut’s capacity for glucose absorption.
R.F. Margolskee et al. (2007). Proc. Natl. Acad. Sci. USA. Published online August 27th, 2007. 10.1073/
pnas.0706678104.
Tapping into Host Energy Reserves
The intracellular bacterial pathogens Chlamydia and Rickettsia use ATP/ADP trans-
porters to steal energy-rich ATP from the host in exchange for energy-depleted
ADP. To study this process in biochemical detail, Trentmann et al. (2007) character-
ized PamNTT1, an ATP/ADP transporter from the bacteriumProtochlamydia amoebo-
phila, a symbiont of amoeba. Their analysis reveals how PamNTT1 ensures that the
bacterium gets the better end of the energy bargain. PamNTT1 reconstituted in lipid
vesicles exhibits affinities and maximal velocities that lead to a high rate of ATP
import, and negligible ATP export in exchange with ADP. Previous studies of bacterial
ATP/ADP transporters using a different experimental system had shown that the af-
finities and import velocities for ATP and ADP are more equivalent than is the case
for reconstituted PamNTT1. The authors demonstrate that a high ratio of ADP/ATP
in the lumen of the reconstituted vesicles also serves to accelerate the import of
ATP. Curiously, the authors observed that PamNTT1 could be inserted into the
reconstituted lipid membranes in either orientation, but the transporter was only
functional when the N terminus was pointed toward the vesicle interior. They propose
that these features of PamNTT1 ensure that the transporter works for and not against
the symbiont even when the host’s reserves of ATP are low.
O. Trentmann et al. (2007). PLoS Biol. 5, e231.
MATE Keeps Aluminum in Check
Aluminum toxicity limits the productivity of agriculture in acidic soils,
which are prevalent in tropical and subtropical regions of the world.
Aluminum is an abundant metal, and its ionic form, Al3+, is soluble
and toxic to plant roots when soil conditions are highly acidic (pH <
5). Magalhaes et al. (2007) now report the identification of a citrate
transporter that confers resistance to aluminum in one of the world’s
most important food crops, sorghum. The authors used positional
cloning to identify the gene at the major locus responsible for alumi-
num tolerance in sorghum as a member of the multidrug and toxic
compound extrusion (MATE) family; they named this gene Sorghum
bicolor MATE (SbMate). Other MATE family members are involved in
the efflux of antibiotics in bacteria and have been implicated in the resistance of plants to toxic compounds. Mag-
alhaes et al. find that SbMATE expression at the root tip is enhanced by aluminum exposure and provide evidence
thatSbMATEmediates citrate extrusion from the root. Previous work has established that the efflux of organic acids,
including citrate, into the region surrounding the root, mitigates aluminum toxicity through the formation of nontoxic
complexes between the organic acids and the aluminum ions. Expression of SbMATE also enhanced aluminum
tolerance in Arabidopsis thaliana, which already encodes an aluminum tolerance gene similar to that previously
found in wheat. Although SbMATE appears to have a similar function to the tolerance gene discovered in wheat,
it has an independent evolutionary origin. This finding suggests that one strategy to bolster the defense of wheat
and other grains against aluminum toxicity might be to engineer them to express the tolerance genes from species
that use a different, yet complementary, protein arsenal to combat aluminum toxicity. Such efforts may lead to im-
provements in crop yields in acidic soils.
J.V. Magalhaes et al. (2007). Nat. Genet. 39, 1156–1161. Published online August 26, 2007. 10.1038/ng2074.
Robert P. Kruger
Regions of the world with acidic soils (red).
Protochlamydia amoebophila
(green) inside its Acanth-
amoeba host (blue). Image
courtesy of B. Sixt and
M. Horn.Cell 130, September 21, 2007 ª2007 Elsevier Inc. 965
